The research of ultraviolet photodetectors (UV PDs) have been attracting extensive attention, due to their important applications in many areas. In this study, PtSe 2 /GaN heterojunction is in-situ fabricated by synthesis of large-area vertically standing two-dimensional (2D) PtSe 2 film on n-GaN substrate. The PtSe 2 /GaN heterojunction device demonstrates excellent photoresponse properties under illumination by deep UV light of 265 nm at zero bias voltage. Further analysis reveals that a high responsivity of 193 mA·W 
Introduction
Currently, the research related to two-dimensional (2D) layered materials is a hot and eye catching as it could possibly bring revolutionary changes to many different area including photonic devices development. It has been attracted significant attention partly due to their compact structure, favorable optical and electrical properties e.g. broadband operational range, layer-dependent bandgaps and high carrier mobility etc. [1] [2] [3] [4] . These novel materials can be used to fabricate various high performance electronic and optoelectronic devices, such as field-effect transisitors (FETs), gas sensors, solar cells, memory devices, photodetectors (PDs) and so on [5] [6] [7] [8] [9] [10] . Among these studies, the development of 2D materialsbased PDs, which can convert light signals to electrical signals, is one of the most fundamental and important research field [11] [12] [13] [14] [15] . The PDs can be classified by its operational wavelength ranges e.g. X-ray, ultraviolet (UV), visible, infrared (IR) and terahertz (THz) [16] . Recently, numerous efforts have been devoted to develop high-performance UV PDs, due to their great importance in many applications, including communication, chemical analysis, missile warning and so on [17] [18] [19] [20] [21] [22] . Especially in UVC band (200-280 nm), the detectors working in this band can efficiently avoid the interference from the solar radiation on earth as it is completely absorbed by the atmosphere [23] [24] [25] .
The traditional photoconductive UV PDs usually have an advantage of high responsivity under the external bias, but they usually have slow response speed [5] . To overcome this shortcoming, PDs with heterojunction structure was employed to create built-in electric field, which can improve the response speeds via accelerating the separation of photon-generated carriers [11, 17] . Moreover, the dangling bonds free surface of 2D materials will allow them to be easily integrated with substrates made up of different materials beyond the restriction of lattice matching, resulting in high-quality heterojunctions [26, 27] . Hence, high-performances UV PDs can be achieved by constructing heterojunctions from 2D materials and functional semiconductor substrates.
Recently, the new discovered group-10 transition metal dichalcogenides (TMDCs) have been demonstrated to have strong interlayer interaction, tunable band-gap from 0.25 to 1.6 eV and high carrier mobility over 1,000 cm 2 ·V -1 ·s -1 at room temperature, which are superior compared with the unstable black phosphorus (BP) [6] . As a member of group-10 TMDCs, the PtSe2 has a band-gap of 1.2 eV for monolayer, and 0.21 eV for bilayer. With the increasing layers, the bulk PtSe2 turns to a semimetal with zero band-gap [28] . Such a broad layer-dependent band-gaps range of PtSe2 made it to be an excellent candidate for electronic and optoelectronic applications, such as FET, gas sensor, photodetection and energy storage [6, [28] [29] [30] [31] [32] [33] [34] , a specific detectivity of 2.91 × 10 infrared, and produced fast response speed on the order of microsecond [36] [37] [38] . However, all these works mainly are focused on visible-infrared response properties of PtSe2-based PDs and it is not used for UV detection. Therefore, designing self-powered PtSe2-based PDs for air-stable, fast-speed and extremely sensitive UV detection is highly desired.
In this work, we firstly demonstrated the construction of PtSe2/ GaN heterojunction device for high-performance self-powered deep UV (DUV) PD by in-situ synthesis of PtSe2 film on n-GaN substrate. The photoresponse of the fabricated PD to DUV light were systematically investigated, revealing an ultrahigh specific detectivity (D*), linear dynamic range (LDR) and current on/off ratio (Ion/Ioff), as well as fast response speeds at zero bias voltage. Such high performances of PtSe2/GaN heterojunction PD are far superior to previously reported UV PDs, and demonstrate the great potential for high-performance DUV detection.
Results and discussions
In this work, large area PtSe2 films with a thickness of ~ 28 nm were synthesized according to atomic force microscopy (AFM) measurements in Figs. 1(a) and 1(b). The facile and scalable selenization method ensures the large-area preparation of highquality and uniform PtSe2 films while exfoliation or chemical evaporation methods yield the uncontrollable and small size nanosheets [28, 39] . The Raman spectrum of PtSe2 samples was shown in Fig. 1 ) is associated with out-ofplane vibration mode of Se atoms. The X-ray diffraction (XRD) results show diffraction peaks at 16.56°, 27.69° and 49.02° ( Fig. 1(d) ) corresponding to (001), (100) and (110) planes of PtSe2, respectively. Additionally, the components and binding energies of as-grown films were investigated by X-ray photoelectron spectroscopy (XPS), as shown in Figs. 1(e) and 1(f). The peaks at 73.38 and 76.73 eV can be assigned to the Pt 4f7/2 and 4f5/2, respectively. The XPS data confirm the presence of Pt 4+ . Similarly, another two peaks corresponding to Se 3d5/2 and Se 3d3/2 orbitals are centered at 54.68 and 55.48 eV, respectively.
In order to further studying the crystal structure of the PtSe2 samples, thin films were wet-etched off from SiO2/Si substrate and then transferred to a copper grid for characterizing by transmission electron microscopy (TEM). As shown in Figs ). From the I-V curve in dark, an excellent rectification characteristic with a rectification ratio over 10 4 within ±5 V was obtained. Figure S1 in the Electronic Supplementary Material (ESM) show the I-V curves for Au contact on PtSe2 and In contact on the GaN, suggesting good ohmic contacts of Au/PtSe2 and In/GaN have been obtained. The good ohmic contacts confirmed that the robust heterojunction was formed between PtSe2 and GaN. For an ideal diode, the ideality factor (n) can be deduced to be 1.28 according to the following equation
where q, kB and T are the unit charge, the Boltzmann's constant and Kelvin temperature, respectively. This value is much smaller than some reported 2D-based devices, and close to the value of an ideal diode (n = 1). The results indicate that the high-quality of the PtSe2/ GaN heterojunction was obtained. When the device was exposed under the UV light of 265 nm, a remarkable photoresponse was observed. Significantly, the current at 0 V greatly increased from 1.4 × 10 -13 to 1.5 × 10 -5 A, which leads to a ultrahigh Ion/Ioff over 10 8 . Hence, such PtSe2/GaN heterojunction device can serve as a selfpowered DUV PD. The real-time photoresponse of the PtSe2/GaN heterojunction PD under zero bias voltage was investigated, and the results are shown in Fig. 3(c) . The current reversibly switched between high and low conductance with high stability and repeatability when the DUV light (265 nm, 2.4 mW·cm -2 ) was turned on and off. The ultrahigh Ion/Ioff of ~ 10 8 is much higher than other reported 2D-based PDs (see Table 1 ). A device with all In electrodes was fabricated for comparison as shown in Fig. S2 in the ESM, which demonstrates similar device performances compared with the device with Au and In electrodes. Such high current on/off ratio can ensure the accuracy of the PDs to detect a relatively weak light signal. Figure 3(d) shows the response spectrum of the PtSe2/ GaN heterojunction, which demonstrates that this device has a high sensitivity to the DUV light.
Light intensity-dependent photoresponse properties were further investigated. Figure 4(a) shows the photoresponse of the PtSe2/GaN heterojunction PD under varied light intensities at zero bias voltage. From the figure, the good stable and reproducibility photoresponse with tunable Ion/Ioff can be found. And the photocurrent is highly dependent on the light intensity, and increases with the increasing light intensity. Notably, this PtSe2/GaN heterojunction PD had a high Ion/Ioff of 10 3 even at a low light intensity of 12 μW·cm -2 , and increased to 10 8 at light intensity of 2.4 mW·cm -2 , indicating that the this PD can be used to detect weak UV light signals. The dependence of photocurrent on the light intensity was plotted in Fig. 4(b) , which can be described by the following power law
where A is a constant for a given wavelength, P is the light intensity, and the exponent α determines the response of the photocurrent to light intensity. By fitting the data, α was determined as 0.78. This fractional power dependence is believed to be related to the carrier trap states between the Fermi level and the conduction band edge [40] . The dark current of PtSe2/GaN heterojunction PD at zero bias voltage was shown in Fig. 4(c) . It can be seen that the dark current kept at low level of 10 -13 A, indicating low nosie feature of this device. A tiny increase during 3,000 s continuous testing was observed, which is maybe related to thermal noise [41] , due to the dark current increases with increasing temperature (Fig. S3 in the ESM) . As two important figure of merits, the responsivity (R) and D* of a PD can be evaluated according to the following relations ) are the photocurrent, dark current, the incident light intensity, the irradiation area and device active area, respectively. According to the equations above, the R and D* with varied light intensities were plotted in Fig. 4(d) . Both R and D* increase with the increasing light intensity and can be estimated to be 193 mA·W The ultrahigh D* of 3.8 × 10 14 Jones is much better than the reported UV PDs and commercial UV PDs (see Table 1 ). In addition, the LDR, can be defined as [11] . Based on the equation above, the LDR is estimated to be about 155 dB at zero bias, and this value is far superior to WS2/n-Si (42 dB), and the commercialized InGaAs photodiodes (66 dB) [42] [43] [44] , GaSe/GaSb (77.51dB) [43] , GaS/PET (78.73 dB) [45] , PANI/MgZnO (80 dB) [24] and graphene/Si (90 dB and 119 dB) [46, 47] .
The response speeds and frequency response were investigated to further evaluate the performances of PtSe2/GaN heterojunction PD. A UV light of 265 nm driven by a waveform generator with square-pulse signals was used as the incident light source. Hence, the frequency of the UV light can be modulated by square-pulse signals. And, an oscilloscope was used to monitor the photocurrent of PD with time. Figures 5(a)-5(d) display the response properties of the PtSe2/GaN heterojunction PD to square-pulse UV light of 265 nm at frequencies of 50 Hz, 500 Hz, 2 kHz and 5 kHz without a bias voltage. From the figures, stable and fast response to the varying UV light signals can be observed. Furthermore, from the relative balance as shown in Fig. 5(e) , a wide frequency response range over 10 4 Hz of the PtSe2/GaN heterojunction PD was obtained, implying that this PD is fast enough to follow fast modulating UV light signals. The response speeds of this PD were obtained to be 0.14/7.75 ms and 45.2/102.3 μs at 50 Hz and 5 kHz, respectively, as shown in the inset of Figs. 5(e) and 5(f).
To further investigate the ability of this PD to response pulse signals, a 266 nm pulse laser with a frequency of 1 kHz, pulse width of 1 ns and pulse energy of 12 μJ was used as light source. The response properties of PtSe2/GaN heterojunction PD to 266 nm pulse laser were given in Fig. 6 . Figure 6(a) shows that PtSe2/GaN heterojunction PD can quickly response each pulse with 1 ns pulse width operating at 1 kHz. One response cycle with rising and falling edges visible were shown in Fig. 6(b) and its inset. The measured rise time is only 172 ns, which is much faster than most reported UV PDs. Table 1 summarized the performances of the PtSe2/GaN PD and some reported UV PDs for comparison.
The energy-band diagram of PtSe2/GaN heterojunction was analyzed to understand the excellent photoresponse properties, as illustrated in Fig. 7 . The high-quality PtSe2/GaN heterojunction was fabricated by in-situ synthesis of PtSe2 film on n-GaN substrate. The dangling bonds free surfaces of PtSe2 can ensure high-quality heterojunction between PtSe2 and GaN [26] . Due to semi-metallic nature of PtSe2 [48] , the difference in Fermi level (EF) between PtSe2 and GaN will lead to the band bending at n-GaN side, resulting in a strong built-in electric field at the PtSe2/GaN interface. When the heterojunction was exposed to UV light illumination, the most UV light can reach the interface because of the ultrathin thickness of PtSe2. Hence, the photo-generated electron-hole pairs will be generated and quickly separated by the built-in electric field and collected by the electrodes, giving rise to photocurrent and leading to a fast response speed. In addition, PtSe2 film with vertically standing structure can strongly interact with incident light, leading to great contribution to photocurrent [56, 57] .
Conclusions
In summary, the vertically standing PtSe2 2D film was synthesized in-situ on n-GaN substrate, resulting in a high-quality PtSe2/GaN heterojunction. Such heterojunction device has demonstrated excellent photoresponse properties to DUV light of 265 nm with a high responsivity of 193 mA·W -1 , an ultrahigh specific detectivity of 3.8 × 10 14 Jones, LDR of 155 dB and current on/off ratio of 10 8 , as well as a fast response speeds of 45/102 μs at zero bias voltage. Moreover, this device can response well to the pulse laser with pulse width of 1 ns operating at 1 kHz. The high performances of PtSe2/ GaN DUV PD demonstrated in this work is far superior to previously reported results, implying that it will have great potential applications in high-performance DUV detection. 
Experimental

Materials and characterization
The wafer-scale PtSe2 thin films were prepared via a simple selenization of sputtered Pt films [28] . To construct the PtSe2/GaN heterojunction device, PtSe2 film was grown in-situ on an n-GaN/ Al2O3 substrate (resistivity: 0.5 Ω·cm, MTI Corporation). In brief, the precursor Pt films were deposited onto the prepatterned GaN/Al2O3 substrates via high-vacuum magnetron sputtering. Then the Pt/GaN/Al2O3 sample was loaded into a tube furnace and corresponding temperature was set to be 450 °C. The Se powder (99.99% purity) was placed at upstream of tube furnace. Argon gas with a flow rate of 50 SCCM was used to drag the vaporized Se to Pt deposited on GaN/Al2O3 sample. A selenization time was kept stable for 90 min, followed by natural cooling down to room temperature. Au electrode (50 nm) on the PtSe2 film and In electrode on GaN were fabricated by e-beam evaporation with a shadow mask.
The as-synthesized PtSe2 films were characterized by XRD (Rigaku SmartLab, Japan), XPS (Thermo ESCALAB 250), Raman spectrometer (LabRAM HR Evolution, HORIBA, Japan), and HRTEM (JEM-2010, JEOL, Japan). The thickness of the as-synthesized PtSe2 film was determined by AFM (Dimension Icon, Bruker, USA).
Device characterization
Electrical and optoelectrical measurements were conducted at room temperature with an optoelectronic characterization system combining a Keithley 4200-SCS (Tektronix, USA), a monochromator (Omni-λ300, Zolix, China), light sources, an oscilloscope (DPO2012B, Tektronix, USA), a waveform generator (SDG1032X, Siglent, China), and a digital SourceMeter (Keithley 2636B, Tektronix, USA). In this work, a light-emitting diode (LED) of 265 nm (M265L3, Thorlabs, USA), a pulse laser of 266 nm (FQSS 266-Q4, CryLas, Germany) and a xenon lamp (Gloria-X150A, Zolix, China) were used as light sources for the measurements.
